Basement membranes are thin sheets of specialized extracellular matrix molecules that are important for supplying mechanical support and for providing an interactive surface for cell morphology. Prior to secretion and assembly, basement membrane molecules undergo intracellular processing, which is essential for their function. We have identified several mutations in a procollagen processing enzyme, lysyl hydroxylase (let-268). The Caenorhabditis elegans lysyl hydroxylase is highly similar to the vertebrate lysyl hydroxylase, containing all essential motifs required for enzymatic activity, and is the only lysyl hydroxylase found in the C. elegans sequenced genome. In the absence of C. elegans lysyl hydroxylase, type IV collagen is expressed; however, it is retained within the type IV collagen-producing cells. This observation indicates that in let-268 mutants the processing and secretion of type IV collagen is disrupted. Our examination of the body wall muscle in these mutant animals reveals normal myofilament assembly prior to contraction. However, once body wall muscle contraction commences the muscle cells separate from the underlying epidermal layer (the hypodermis) and the myofilaments become disorganized. These observations indicate that type IV collagen is required in the basement membrane for mechanical support and not for organogenesis of the body wall muscle.
INTRODUCTION
Basement membranes are thin polymeric sheets of specialized extracellular molecules found in all multicellular animals. They are important for supplying mechanical support to surrounding tissues, for separating different tissue types or adjacent interstitial extracellular matrix, and for providing an interactive surface for cell adhesion, cell shape, and cell migration (Yurchenco and Schittny, 1990) . Basement membranes are composed of several molecules such as type IV collagen, laminin, perlecan, and nidogen/entactin (Yurchenco and Schittny, 1990) . For a basement membrane to be established, these molecules must undergo a complex arrangement of interactions with one another and with transmembrane molecules, such as integrin and dystroglycan, to form a stable lattice network (Timpl and Brown, 1996; Hynes and Lander, 1992; Henry and Campbell, 1998) . These interactions are important not only for basement membrane assembly but also for the structure of the surrounding tissues. For example, the importance of basement membrane molecules in maintaining mechanical support of skeletal musculature has been demonstrated by analyzing mutations in the laminin ␣2 chain in mice. Mutations in the dy locus (encoding the laminin ␣2 chain) cause a congenital muscular dystrophy, which manifests as necrotic muscle fibers (Helbling-Leclerc et al., 1995) . In another example, studies in Caenorhabditis elegans demonstrate that the basement membrane molecule perlecan is essential for the assembly of the body wall muscle myofilaments (Rogalski et al., 1993) . Perlecan mutant animals fail to assemble myosin and actin filaments within the body wall muscle and arrest development as paralyzed embryos. The phenotype of animals lacking functional perlecan is identical to mutants in the extracellular matrix receptor integrin (Gettner et al., 1995; Williams and Waterston, 1994) . These two examples illustrate the importance of basement membrane and transmembrane protein interactions during morphogenesis and for maintaining tissue integrity.
We are using the small soil nematode C. elegans to explore how the basement membrane interacts with myoblasts to determine muscle organization and anchoring during morphogenesis. In C. elegans, a thin basement membrane lines the pseudocoelomic cavity and separates the body wall muscle cells from the hypodermis and nervous system (White et al., 1976) . A similar basement membrane covers the gonad and intestine, while a thicker basement membrane surrounds the pharynx (White, 1988; Albertson and Thomson, 1976) . Homologs of several mammalian basement membrane proteins have been identified in C. elegans (Kramer, 1997) . Type IV collagen localizes to the basement membrane separating the body wall muscles from the hypodermis and localizes to the basement membranes surrounding the pharynx, the intestine, and the gonad . Perlecan and osteonectin/ SPARC are also localized in the basement membrane separating the body wall muscle from the hypodermis and the basement membrane that surrounds the pharynx (Hresko et al., 1994; Mullen et al., 1999; Fitzgerald and Schwarzbauer, 1998) . In addition, the sequenced C. elegans genome reveals four laminin chains, 2 ␣, 1 ␤ and 1 ␥, and nidogen (C. elegans Sequencing Consortium, 1998). Several studies on mutations in genes encoding basement membrane molecules illustrate the importance of these components in morphogenesis (reviewed in Kramer, 1997; Moerman and Fire, 1997) .
In C. elegans, type IV collagen and perlecan are both expressed by the body wall muscle cells Moerman et al., 1996) . Before these molecules are secreted into the basement membrane, they must pass through the secretory system where they undergo posttranslational modifications. These modifications have been shown to be important for the function of basement membrane molecules. For instance, posttranslational modification of collagen by proline hydroxylation of procollagen is important for the stable folding of the collagen trimer at physiological temperatures (Fessler and Fessler, 1978) . Additionally, lysine hydroxylation is important for providing sites for collagen to form intermolecular crosslinks and sites for glycosylation (Kivirikko and Pihlajaniemi, 1998) . Inhibition of both prolyl 4-hydroxylase and lysyl hydroxylase with the iron chelator ␣,␣Јdipyridyl leads to collagens that are underhydroxylated and are unable to assemble into a functional trimer (Harwood et al., 1976) . Under these conditions collagen fails to be secreted. This effect is thought to arise by blocking the prolyl 4-hydroxylases. The hydroxylated proline residues are important for the stable formation of the collagen triple helices (Brodsky and Ramshaw, 1997) .
In this study, we demonstrate that the let-268 gene of C. elegans encodes the only lysyl hydroxylase found in the genome. Lysyl hydroxylase is an endoplasmic reticulum (ER) enzyme that is essential for adding a hydroxyl group to the ␦ carbon of lysine residues found in the Y position of the G-X-Y repetitive region of collagen chains, a structural motif found in all collagens (Kivirikko and Pihlajaniemi, 1998) . These hydroxylysine residues can be further glycosylated within the ER and such secondary modifications are believed to be essential for the stabilization of intermolecular collagen crosslinks in the extracellular matrix (Kivirikko and Pihlajaniemi, 1998) . In the absence of C. elegans lysyl hydroxylase, type IV collagen is absent from the basement membrane and is retained within the type IV collagen-producing cells. let-268 mutants fail to complete embryogenesis and arrest at the twofold stage shortly after elongation commences. Analysis of let-268 mutants reveals that although functional body wall muscle is made, once contraction initiates the body wall muscle cells separate from the underlying hypodermis. These results indicate that type IV collagen is required in the basement membrane for mechanical support and is not required for the assembly of the myofilament lattice within the body wall muscle.
MATERIAL AND METHODS

Strains and General Maintenance
Nematode maintenance and culture were carried out as described by Brenner (1974) and the N2 Bristol strain was used as the control wild-type strain. Unless otherwise indicated, all genetic experiments were carried out at 20°C. This study followed standard nomenclature as described by Horvitz et al. (1979) . The following mutant alleles were used in this study: Chromosome II: dpy-10(e128), let-242(mn90), let-244(mn97), let-245(mn185), let-268(mn189), let-268(mn198), let-268(ra414), unc-4(e120), unc-52(e444) , and unc-52(ra401); Chromosome III: emb-9(hc70); Chromosome X: let-2(mn153) and let-2(g25). Several rearrangements of Chromosome II were used for genetic analysis and cloning including mnC1, a crossover suppressor of the central region of Chromosome II (Herman, 1978) and the following deficiencies: eDf21, mnDf12, mnDf28, mnDf30, mnDf57, mnDf60, mnDf62, mnDf68, mnDf71, mnDf83, and mnDf105. Genetic Analysis let-268(ra414) was isolated in an ethylmethanesulfonate (EMS) mutagenesis screen of the central region of Chromosome II similar to one described by Herman and colleagues (Sigurdson et al., 1984) . In short, unc-4/mnC1 (dpy-10 unc-52) hermaphrodites were treated with 25 mM EMS and ϳ1000 F1s were placed on individual plates. The F2 population was screened for the absence of Unc-4 hermaphrodites. Broods lacking Unc-4 progeny were presumed to be derived from animals carrying a lethal mutation linked to the unc-4 locus and are balanced by the mnC1. Embryonic lethal mutations isolated in this screen were subjected to analysis by immunofluorescence microscopy with antibodies specific for body wall muscle myosin (see below). Mutants with abnormal body wall musculature were retained for further analysis. Complementation tests were carried out with several deficiencies in the central region of chromosome II and with several lethal mutants in the ra414 region (Sigurdson et al., 1984) using the method described by Sigurdson et al. (1984) .
PCR and Sequencing
PCR was conducted as described by Barstead et al. (1991) . To determine the molecular breaks of the deficiencies that failed to complement let-268, primers were designed to predicted open reading frames (ORFs) on sequenced cosmids in the region (C. elegans Sequencing Consortium, 1998) and these were used to amplify genomic DNA from homozygous deficiencies. Failure of PCR to amplify an ORF from a homozygous deficiency indicated that the ORF resided within the deficiency. A control set of primers to the major body wall muscle myosin gene, unc-54, was included in all the reaction mixes. The unc-54 locus is on Linkage Group I and was included as a positive control to indicate that the amplification was successful on the homozygous deficiencies. Longrange PCR using Boehringer Mannheim Expand Long Template PCR kit was used to amplify the full-length let-268 gene, including 2.2 kb of 5Ј upstream sequence, from N2 genomic DNA, following the same protocol described in Barstead et al. (1991) .
DNA sequencing reactions were carried out directly on PCRamplified genomic DNA using internal primers and on cDNA clones by using the BRL dsDNA Cycle Sequencing System as described by Rogalski et al. (1993 Rogalski et al. ( , 1995 . To determine the molecular lesion in each of the let-268 alleles, PCR products from homozygous let-268 mutant DNA were directly sequenced using internal primers. The entire coding region and the majority of the introns were sequenced except the 5Ј and 3Ј untranslated regions. Also, cDNAs from the let-268 locus, yk318c8 and yk476h1 (GenBank Accession Nos. C63295 and C50032, respectively; kindly provided by Y. Kohara, National Institute of Genetics, Mishima, Japan), were sequenced to determine the 5Ј and 3Ј ends and the intron/exon boundaries.
Sequence alignments and comparisons were carried out using BLAST (NCBI server, Altschul et al., 1997) and ClustalW (Mac Vector, Oxford Molecular Group).
GFP Construct and Transformation
General molecular biological techniques were carried out as described in Sambrook et al. (1989) . To generate a reporter construct for let-268, a 2.7-kb BglII fragment was isolated from the cosmid F52H3 (kindly provided by A. Coulson, The Sanger Centre, Wellcome Trust Genome Campus, Hinxton, UK; GenBank Accession No. Z66512) and was cloned into a green fluorescent protein (GFP) expression vector pPD95.79 (kindly provided by A. Fire, S. Xu, J. Ahnn, and G. Seydoux, Carnegie Institute of Washington, Baltimore, MD). This clone, DM 212, contains 2 kb upstream of the let-268 ORF and contains all of the first exon, first intron, and 408 bp of the second exon fused in-frame to GFP (Fig. 1 D) . Additionally, this construct contains 432 bp of the 3Ј end of the preceding gene.
DNA was injected directly into the gonad of N2 hermaphrodites as described by Mello and Fire (1995) . Briefly, 80 g/ml of pRF4 (dominant rol-6 mutation, Mello and Fire, 1995) and 20 g/ml of DM 212 was injected into N2 hermaphrodites and roller progeny were picked and examined for GFP expression. Images were obtained from a Zeiss Axiophot using a Dage-MTI CCD-100 camera and Scion image software.
The long-range PCR product containing the full-length let-268 gene plus 2.2 kb upstream was injected into the strain unc-4 let-268(ra414)/mnC1 (dpy-10 unc-52) . Rescued animals were recognized by the presence of Unc-4 animals.
RNA-Mediated Interference
The cDNA clone yk476h1 (GenBank Accession No. C50032) was used as a template to generate dsRNA homologous to the let-268 ORF. Sense and antisense ssRNA was transcribed from linearized yk476h1 using the T3 and T7 RNA polymerases. Equimolar amounts of sense and antisense ssRNA were annealed to yield dsRNA, which then was injected into wild-type animals as previously described (Fire et al., 1998) . The injected animals were placed at 20°C and allowed to lay eggs for 24 h and were then transferred to a fresh plate for another 24 h. The progeny from injected animals were scored and compared to the progeny of uninjected wild-type and let-268(ra414) animals on a Zeiss Axiophot compound microscope using Nomarski optics.
Immunofluorescence and Microscopy Techniques
Embryo fixation and antibody staining were carried out as described in Rogalski et al. (1993 Rogalski et al. ( , 1995 . The antibodies used in this study were mouse monoclonal antibodies to myosin heavy chain A (DM5.6) and B (DM5.8) (Miller et al., 1983) , a mouse monoclonal antibody to nematode perlecan (MH2) (Rogalski et al., 1993) , a rabbit polyclonal to nematode perlecan (GM1) (Moerman et al., 1996) , and two rabbit polyclonal antibodies to nematode type IV collagen ␣1 chain (NW 155) and ␣2 chain (NW 68) Gupta et al., 1997) . DM5.6, GM1, MH2, NW 68, and NW 155 were diluted 1:50 and DM5.8 was diluted 1:100. The secondary antibodies used were FITC-labeled donkey anti-rabbit IgG F(abЈ)2 and Texas Red-labeled donkey anti-mouse IgG F(abЈ)2 (Jackson ImmunoResearch Laboratories), diluted 1:200.
Images were collected on a Nikon Optiphot-2 microscope using the MRC 600 Confocal system (Bio-Rad). Optical sections of entire embryos were collected using 0.2-m intervals. NIH image was used to project portions of select embryos and Adobe Photoshop 4.0 (Adobe Systems, Inc.) was used for presentation.
RESULTS
Genetic Analysis of ra414
A region of chromosome II balanced by the crossover suppressor mnC1 (Herman, 1978) was screened for embryonic lethal mutations with defects in body wall muscle assembly and/or stability (see Materials and Methods). One of the mutants isolated, ra414, displayed defects in the body wall muscle architecture, characteristics that were sought in the mutant screen. ra414 mutant embryos fail to complete embryonic elongation (Sulston et al., 1983) and they fail to hatch. Although ra414 homozygous embryos initiate body wall muscle contraction at the correct developmental time (420 min after first cleavage; Sulston et al., 1983) , the contractions appear weak and cease shortly thereafter (470 -500 min after first cleavage). By comparison, wild-type embryos begin to roll vigorously within the egg shortly after the body wall muscles initiate contraction (420 min after first cleavage). In addition, the musculature of the pharynx in ra414 mutant embryos fails to contract, suggesting that there may be defects in pharyngeal development. This terminal phenotype is very similar to the Pat mutant phenotype (paralyzed, arrested at the two fold stage of embryogenesis) described by Williams and Waterston (1994) .
Complementation tests with a series of overlapping deficiencies revealed that ra414 mapped to a small region containing three deficiencies, eDf21, mnDf71, and mnDf83 (Fig. 1A) . Further complementation tests were performed with several lethal mutants in this region (Herman, 1978; Sigurdson et al., 1984) and ra414 was determined to be an allele of let-268. Herman and colleagues (Sigurdson et al., 1984) previously identified two alleles of let-268 (mn189 and mn198) in a large lethal screen of chromosome II. Although both of these alleles are also lethal homozygotes, they have milder phenotypes than ra414. mn189 arrests development during the first larval stage (L1) and mn198 arrests development during late L1 to L2. On occasion, let-268(mn198) homozygotes escape larval lethality and survive to become sterile adults. Heteroallelic combinations between the three let-268 alleles and deficiencies that delete the let-268 locus were constructed to determine if ra414 behaves as a null or a hypomorphic allele. When either homozygous or over a deficiency, let-268(ra414) animals arrest as twofold embryos (450 -470 min after first cleavage). Also, when heteroallelic with ra414 or over a deficiency, mn189 and mn198 both arrest as twofold embryos (450 -470 min after first cleavage). This suggests that ra414 represents the null state of let-268, whereas mn189 and mn198 are hypomorphs. Our sequencing of the relevant mutations supports this conclusion (see below).
let-268 Encodes a Lysyl Hydroxylase
In order to identify a candidate gene for the let-268 locus, the genetic and physical maps in the let-268 region were aligned. A PCR-based approach utilizing the genomic sequence (C. elegans Sequencing Consortium, 1998) was conducted to determine the molecular break points of the three deficiencies that fail to complement let-268 mutations (see Material and Methods; Table 1 ). This strategy mapped the overlap between the two deficiencies mnDf83 (Sigurdson et al., 1984) and eDf21 (Raymond et al., 1998) , to one cosmid, F52H3 (GenBank Accession No. Z66512; Coulson et al., 1995; Figs. 1A and 1B;  Table 1 ). The putative ORFs from this cosmid were examined for a candidate gene. One of the seven putative ORFs on F52H3 encodes a procollagen lysyl hydroxylase (procollagen lysine, 2-oxoglutarate 5-dioxygenase precursor, F52H3.1, GenBank Accession No. CAA91321). A gene that encodes a procollagen processing enzyme seemed a likely candidate, since type IV collagen mutant animals have been reported to arrest development at a stage during embryogenesis similar Table 1 ). The physical break points of the deficiencies and the localization of the egl-43, let-268, and daf-19 open reading frames (ORFs) are shown (thin vertical lines). (C) Genomic structure of the let-268 ORF with the putative promoter region included. The exons are indicated by the black boxes and the introns and the 5Ј and the 3Ј UTR are indicated by the thin horizontal lines. The localization of the three identified point mutations are indicated. The exon/intron boundaries as well as the 5Ј and 3Ј termini of the wild-type let-268 ORF were determined by sequencing two full-length cDNAs, yk318c8 and yk476h1 (Genbank Accession Nos. C63295 and C50032, respectively), verifying that indeed ra414 alters the splice donor site of the fifth intron. (D) Illustration of the GFP expression construct used in this study, which includes the putative promoter region and the putative ER localization signal (see Fig. 3 ).
to that of let-268 mutants (Sibley et al., 1994; Gupta et al., 1997) .
To determine if let-268 encodes the C. elegans lysyl hydroxylase, wild-type genomic DNA encoding the C. elegans lysyl hydroxylase was amplified using PCR and introduced into let-268 mutant animals. This PCR product included the entire lysyl hydroxylase gene plus 2.2 kb of the 5Ј putative promoter region (see Material and Methods). This PCR product was microinjected into animals with the genotype unc-4(e120) let-268(ra414)/ mnC1 [dpy-10(e128) unc-52(e444) ]. Rescued let-268(ra414) animals were recognized by the presence of Unc-4 animals. To further verify that let-268 encodes the lysyl hydroxylase, RNA-mediated interference (RNAi) was used to determine the loss of function phenotype of F52H3.1. RNAi involves injecting dsRNA homologous to a gene of interest into wild-type hermaphrodites and results in progeny with the loss of function phenotype of the gene (Fire et al., 1998) . In this case, dsRNA was made from the cDNA clone yk476h1, which contains the complete C. elegans lysyl hydroxylase ORF. Examination of the progeny from wild-type hermaphrodites injected with this dsRNA resulted in animals with a phenotype identical to that of let-268(ra414) in approximately 75% of the progeny. These results suggest that let-268 encodes the C. elegans lysyl hydroxylase.
To further substantiate that let-268 encodes the C. elegans lysyl hydroxylase, the entire coding region plus most of the introns of the three let-268 mutants were sequenced. Single mutations were identified in the lysyl hydroxylase gene for each let-268 mutant. Consistent with EMSinduced mutagenesis, all three mutants have GC to AT substitutions. ra414 has a substitution in the first base of the 5th intron, which results in the loss of a splice donor site (Fig. 1C ). This suggests that let-268(ra414) would produce a truncated product lacking the putative catalytic COOH terminus (Pirskanen et al., 1996) . Sequencing of the mn198 allele revealed a change from a glycine to an aspartic acid at amino acid position 682 (Figs. 1C and 2 ). This glycine is conserved in all lysyl hydroxylases identified (Fig.  2) . Last, the mn189 allele is a change from an aspartic acid to an arginine at amino acid position 668 (D668N). Surprisingly, the amino acid at this position in the mammalian ortholog is an arginine (Fig. 2) . This alteration in let-268(mn189) converts the C. elegans lysyl hydroxylase to be more similar to the wild-type mammalian ortholog, yet it has deleterious effects and produces a lethal phenotype. Genetic rescue, RNAi, and sequencing of mutant alleles confirms that let-268 encodes the C. elegans lysyl hydroxylase.
The C. elegans lysyl hydroxylase gene encodes a predicted 730-amino acid polypeptide that contains a putative ER localization signal in the first 16 amino acids of the N-terminus (Fig. 2, Hautala et al., 1992) . LET-268 is highly similar to the mammalian lysyl hydroxylases. To date, three lysyl hydroxylases have been identified in humans (Hautala et al., 1992; Yeowell et al., 1992; Valtavaara et al., 1997 Valtavaara et al., , 1998 and each show approximately 45% overall identity and 65% overall similarity to the C. elegans ortholog (Fig. 2) . Higher identity is seen in the COOH terminus; the stretch of amino acids between residues 630 and 730 of the C. elegans polypeptide is 65% identical and 80% similar to the mammalian lysyl hydroxylases (Fig. 2) . The COOH terminus is believed to be important for the catalytic activity of lysyl hydroxylase (Kivirikko and Pihlajaniemi, 1998) . Several key amino acids essential for the function of the mammalian lysyl hydroxylase (Pirskanen et al., 1996) are conserved in the C. elegans lysyl hydroxylase (Fig. 2 ). These include (1) a putative Fe 2ϩ binding site, consisting of His 659, Asp 661, and His 711 (Fig. 2) , which is a necessary cofactor for lysyl hydroxylase activity (Pirskanen et al., 1996; Kivirikko and Pihlajaniemi, 1998) , and (2) an arginine at position 721, which is essential for binding to the C-5 group of 2-oxoglutarate, a cosubstrate required for hydroxylation . Analysis of the genomic sequence of C. elegans indicates that let-268 is the only lysyl hydroxylase in C. elegans (C. elegans Sequencing Consortium, 1998).
let-268 Is Expressed in Cells That Produce Type IV Collagen
To examine the expression pattern of let-268, a DNA construct encoding a GFP fusion protein was injected into wild-type animals. The construct consisted of 2 kb of the 5Ј promoter region upstream of let-268 and all of the first exon, including the putative ER localization signal, and part of the second exon fused to the coding region of GFP ( Fig. 1D ; see Material and Methods). Expression of let-268::GFP begins at the 1.5-fold stage and continues throughout development. let-268::GFP is detected in the body wall muscle cells and in the glial like cells (GLR 
Note. ϩ, the open reading frame tested is present in homozygous deficiency; Ϫ, the open reading frame tested is not present in homozygous deficiency.
* The forward primer was designed to R05H5.6 and the reverse primer was designed to R05H5.3. cells ; White, 1988) . let-268::GFP expression in the body wall muscle cells and the GLR cells coincides spatially and temporally with type IV collagen expression ; data not shown). However, let-268::GFP was not observed in the distal tip cells of the gonad, the spermatheca, or the vulva muscles, where type IV collagen expression has been reported . Interestingly, the GFP signal produced from the let-268::GFP fusion protein appears to localize to a subcellular organelle that surrounds the nucleus in the body wall muscle cells and the GLR cells (Fig. 3) . Since, the mammalian lysyl hydroxylase 1 has been shown to be expressed in the ER (Kellokumpu et al., 1994) , this is the most likely site of the let-268::GFP fusion protein. The coincidental expression pattern of let-268 and type IV collagen in the body wall muscle cells and the subcellular localization of the GFP fusion protein to an intracellular compartment (possibly the ER) suggests that LET-268 is processing type IV collagen within the cell prior to secretion.
FIG. 2.
Amino acid sequence alignment of LET-268 with the three human lysyl hydroxylase isoforms. Three human isoforms of lysyl hydroxylase have been identified and are indicated by Hs LH 1 (GenBank Accession No. Q02809), Hs LH 2 (GenBank Accession No. AAD40977), and Hs LH 3 (GenBank Accession No. AAC39753). Identity is boxed. The NH terminal underlined region indicates the putative ER localization signal for all four lysyl hydroxylases. The asterisk marks the amino acids important for Fe 2ϩ binding (Pirskanen et al., 1996) . The diamond indicates the amino acid important for binding the C-5 carboxyl group of 2-oxoglutarate . The amino acid changes found in let-268(mn189) and (mn198) are indicated at positions 668 and 682, respectively. The mutation in let-268(ra414) results in the loss of a splice donor at the end of the fifth exon (see Fig. 1C ) and would likely produce a truncated protein at the position indicated by the arrow.
Type IV Collagen Secretion Is Absent in let-268 Mutants
Since let-268 encodes a lysyl hydroxylase and the function of lysyl hydroxylase is necessary for procollagen processing (Kivirikko and Pihlajaniemi, 1998) , we examined type IV collagen distribution in let-268 mutant animals. let-268 mutants were analyzed using polyclonal antibodies to the type IV collagen ␣1 (NW 155) and ␣2 (NW 68) chains Gupta et al., 1997) . These antibodies stain most of the basement membranes in the wild-type embryo, including the basement membrane underlying the body wall muscle, the pharynx, and the intestine (data shown for NW 68; Figs. 4A and 4B; Graham et al., 1997; Gupta et al., 1997) . In let-268(ra414) mutant animals both ␣1 and ␣2 type IV collagens accumulate in a perinuclear pattern in the body wall muscle cells and in the GLR cells and little to no type IV collagen is secreted into the basement membrane in these mutants (data shown for NW 68, Figs. 4C and 4CЈ ). This perinuclear staining appears identical to the GFP expression of lysyl hydroxylase (Fig. 3) . Staining of the hypomorphic alleles of let-268, mn189, and mn198 indicates that most of the type IV collagen is held up within the body wall muscle cells and the GLR cells. However, trace amounts of type IV collagen can be seen in the basement membrane (data shown for NW 68, Figs. 4E and 4EЈ) . This is consistent with the weaker phenotype observed in the two hypomorphic alleles and suggests that the lysyl hydroxylase in these mutants may have some residual enzymatic activity.
Type IV collagen mutants arrest during embryogenesis at a time in development similar to that of let-268(ra414). Many of the type IV collagen mutations isolated have missense mutations in the G-X-Y repeat and are predicted to alter the assembly of the heterotrimer (Engel and Prockop, 1991) . A study by Gupta and others (1997) demonstrated that animals carrying mutations in type IV collagen failed to secrete this protein into the basement membrane. To compare the subcellular localization of type IV collagen in let-268 mutants and type IV collagen mutants, two different temperature-sensitive type IV collagen alleles were examined for type IV collagen distribution. emb-9(hc70), which encodes the ␣1 chain, and let-2(g25), which encodes the ␣2 chain, were grown at the restrictive temperature (25°C) and stained with the anti-type IV collagen sera (NW 68). We found that these mutants display a different staining pattern within the muscle cells and GLR cells than that observed in let-268 mutants. The subcellular localization of type IV collagen in the emb-9 and let-2 mutants is not perinuclear but instead it appears packed in vesicles (perhaps the Golgi apparatus) that are retained within the cell (data shown for emb-9, Figs. 4D and 4DЈ).
The mutations in emb-9(hc70) and let-2(g25) alter a glycine in the G-X-Y amino acid repeats found in collagens and most likely disrupt the stable triple helix formation of collagen (Guo et al., 1991; Sibley et al., 1994) . Both emb-9(hc70) and let-2(g25) animals stained with the antisera to either the ␣1 or the ␣ 2 chain appear identical indicating that both type IV collagen chains are retained within the cell in both mutants (data not shown and Gupta et al., 1997) . Therefore, these collagen chains are not secreted into the basement membrane. The comparison of subcellular localization between let-268 mutants and type IV collagen mutants suggests that type IV collagen is retained within different compartments of the secretory system.
Mutations in let-268 Affect the Stability but Not the Assembly of the Body Wall Muscle and the Underlying Basement Membrane
Type IV collagen is a major component of the basement membrane and interacts with many other components to form a complex network. It is therefore possible that the loss of type IV collagen could lead to the loss or mislocalization of other basement membrane components. Defects in the basement membrane, in turn, might negatively affect tissues intimately associated with it. To address these issues body wall muscle function and basement membrane integrity were examined in the let-268 mutants. Wild-type and let-268 animals were examined by immunofluorescence microscopy with antibodies specific to body wall muscle myosins (Miller et al., 1983) and to the basement membrane protein perlecan (Moerman et al., 1996) to determine if there were any defects in the body wall muscle architecture and basement membrane assembly or stability. This analysis was conducted on embryos prior to (Fig. 5) and after body wall muscle contraction had commenced (Fig. 6) . Wild-type embryos double-labeled with myosin antibodies 
FIG. 4.
Type IV collagen localization in wild-type, let-268, and emb-9 mutant embryos. (A and B) A wild-type embryo stained with type IV collagen antiserum (NW 68) is shown at two different focal planes. (A) Staining of the basement membrane separating the body wall muscle cell from the hypodermis (arrow); (B) basement membrane surrounding the pharynx (arrow) and the intestine. (C) let-268(ra414) embryo stained with the type IV collagen antisera (NW 68). Type IV collagen in these mutant animals is not secreted into the basement membrane but is retained within the collagen-expressing cells. The staining pattern is seen surrounding the nucleus within the body wall muscle cells and the GLR cells. The GLR cells are indicated by the arrow, whereas the rest of the staining is within the body wall muscle cells and the arrowhead indicates the cell that is enlarged in (CЈ). (D) emb-9(hc70) embryo stained with the type IV collagen antisera. Type IV collagen also fails to be secreted into the basement membrane and is retained within the body wall muscle and GLR cells. The staining pattern within these cells is different from the cellular staining pattern seen in let-268(ra414) mutant animals. Instead of being perinuclear, the staining pattern in emb-9(hc70) mutants appears as two or more clumps within the collagen-expressing cells (DЈ). The arrowhead in (D) indicates the cell that is enlarged in (DЈ) and the arrow indicates the GLR cells. (E) let-268(mn198) stained with the type IV collagen antisera (NW 68). A similar staining pattern is observed between the different alleles of let-268. let-268(mn198) shows strong staining within the cell in a perinuclear pattern, however, some type IV collagen is secreted in these mutant animals (arrow). Faint type IV collagen can also be seen surrounding the pharynx and the intestine in let-268(mn198) mutant animals. The arrowhead in (E) indicates the cell enlarged in (EЈ). (CЈ) A cell enlarged from the let-268(ra414) mutant animal shown in (C). Type IV collagen fails to be secreted and is retained in the expressing cell in a ring like pattern that surrounds the nucleus. (DЈ) A cell enlarged from the emb-9(hc70) mutant animal shown in (D). Type IV collagen fails to be secreted and is retained within the expressing cells. The staining pattern in emb-9(hc70) mutants is different than that in let-268(ra414) mutants (compare CЈ and DЈ). In emb-9(hc70) mutant animals, type IV collagen appears to form aggregates within the collagen-expressing cells. (EЈ) A cell enlarged from the let-268(mn198) embryo shown in (E). A ring-like staining pattern of type IV collagen is observed and this staining pattern is very similar to the staining pattern observed in let-268(ra414) mutants (compare EЈ to CЈ). However, some type IV collagen is secreted in the underlying basement membrane (arrow). The asterisks in (A)-(E) indicate the anterior end of the embryos and the asterisks in (CЈ), (DЈ) mark the location of the nucleus. Scale bar in (A)-(E) is 10 m, and in (CЈ)-(EЈ) 5 m.
(DM5.6 and DM5.8, Miller et al., 1983) and perlecan antibodies (GM1, Moerman et al., 1996) display myosin filaments organized into double rows of A bands in each muscle cell in the four body wall muscle quadrants (Figs. 5D and 6A). Perlecan in these animals is evenly distributed throughout the basement membrane underlying the muscle quadrants (Figs. 5G and 6E) and the pharynx (Fig. 6E) . Examination of let-268(ra414) mutant animals doublelabeled with the myosin and perlecan antibodies prior to contraction (400 min after first cleavage) revealed a staining pattern that resembled the wild-type staining pattern (Figs. 5E and 5H). The myosin filaments are organized into double rows of A bands (Fig. 5E ) and perlecan is distributed evenly under the body wall muscle quadrants (Fig. 5H) . In contrast, after body wall muscle contraction initiates, let-268(ra414) mutants display disrupted muscle and basement membrane. In let-268(ra414) animals, the body wall muscle cells separate from the hypodermis, resulting in severely disorganized myofilaments (Fig. 6B ). In addition, the distribution of perlecan is patchy and discontinuous throughout the basement membrane underlying the body wall muscle and the pharynx (Fig. 6F) . The let-268(ra414) animals also have large aggregates of perlecan within the body cavity (Fig. 6F,  arrows) . The hypomorphic alleles of let-268, mn189, and mn198 were also analyzed by immunofluorescence and similar defects were observed just prior to hatching (data shown for mn189, Figs. 6C and 6G). Unlike let-268(ra414) embryos, the hypomorphs are able to complete elongation and hatch. However, just prior to hatching, defects in myosin organization and perlecan distribution are observed (Figs. 6C and 6G ). This observation is consistent with the weaker phenotype displayed by these alleles.
Since type IV collagen is a target of LET-268, we examined the body wall muscle and basement membrane of type IV collagen mutants to determine if similar basement membrane and body wall muscle defects arise in these mutants. The temperature-sensitive mutants in the ␣1 chain, emb-9(hc70), and ␣2 chain, let-2(g25), of type IV collagen were examined by immunofluorescence microscopy with antibodies specific to myosin and perlecan. Immunofluorescence staining of these mutants raised at the restrictive temperature (25°C) with the antimyosin and the antiperlecan antibodies looked strikingly similar to that of the let-268 mutants (compare Figs. 5 and 6, data shown
FIG. 5.
Immunofluorescence microscopy of the body wall muscle and the underlying basement membrane of wild-type, let-268(ra414), and emb-9(hc70) mutant embryos prior to body wall muscle contraction (ϳ400 mpf). The same region of the dorsal muscle quadrant and underlying basement membrane is shown for all embryos. Animals in (A-F) are double-labeled with type IV collagen polyclonal antiserum (NW 68) and myosin monoclonal antisera (DM5.6 and DM5.8). Animals in (G-I) are stained with the perlecan monoclonal antisera (MH3). Wild-type embryos are shown in (A, D, and G) . let-268(ra414) mutant embryos are shown in (B, E, and H). emb-9(hc70) mutant embryos are shown in (C, F, and I). The wild-type embryo has type IV collagen (A) and perlecan (G) distributed normally under the body wall muscle cells. The myofilaments in the wild-type embryo are organized into two double rows of A bands (D). The let-268(ra414) mutant embryo retains type IV collagen within the body wall muscle cells and secretes little to no type IV collagen into the basement membrane (B). However, both myofilaments appear to be organized into A bands (E) and perlecan is distributed normally under the body wall muscle cells (H). The emb-9(hc70) mutant also retains type IV collagen within the body wall muscle cells and fails to secrete type IV collagen into the basement membrane (C). Similarly, emb-9(hc70) mutant embryos are capable of assembling myosin into A bands (F) and perlecan is normally distributed in the basement membrane (I).
for emb-9). In the type IV collagen mutants the myofilaments assemble and perlecan is distributed normally (Figs. 5F and 5I), but once contraction initiates the muscle cells separate from the hypodermis, disrupting the basement membrane and the myofilament lattice (Figs. 6D and 6H ). This mutant phenotype is identical to the let-268(ra414) mutant phenotype. Detachment of the body wall muscles from the hypodermis in type IV collagen mutants has been previously reported Gupta et al., 1997) . However, the normal assembly of the myofilaments prior to body wall muscle contraction has not been previously reported and indicates that type IV collagen is not required for the assembly of the myofilaments but is required for anchoring the body wall muscle to the underlying hypodermis once muscle contraction begins.
Interactions between perlecan and type IV collagen in vitro have been reported (Laurie et al., 1986; reviewed in Timpl and Brown, 1996) . The relevance of these studies to what occurs in vivo is still unclear, including any possible interdependence of these major basement membrane constituents on each other for assembly. The data presented here indicate that perlecan is distributed normally in the   FIG. 6 . Immunofluorescence microscopy of the body wall muscle and the underlying basement membrane and the pharyngeal basement membrane of wild-type, let-268(ra414), let-268(mn189) , and emb-9(hc70) mutant embryos after body wall muscle contraction has initiated (ϳ470 -500 mpf). Embyros were double-labeled with monoclonal antiserum to myosin (DM5.6, A-D) and polyclonal antiserum to perlecan (GM1, E-H). In wild-type embryos, the myosin filaments are organized into two double rows of A bands in all four body wall muscle quadrants (A). Perlecan is evenly distributed under the body wall muscle cells and is distributed evenly around the pharynx (E). After contraction initiates, let-268(ra414) mutant embryos display gaps in the muscle quadrants where the muscle cell have separated from the hypodermis (arrowheads in B). Perlecan staining is patchy and is associated with the muscle cells that have separated from the hypodermis and the myofilaments have become severely disorganized (F). Also, aggregates of perlecan are observed in the body cavity of these mutants (arrow in F). let-268(mn189) mutant embryos complete elongation; however, prior to hatching the muscle cells start to separate from the hypodermis (arrowheads in C and G) and perlecan distribution becomes patchy (G). emb-9(hc70) mutant embryos resemble let-268(ra414) mutant embryos (compare B and F with D and H) . When the body wall muscle contraction initiates in emb-9(hc70) mutants, the muscle cells separate from the hypodermis and the myofilaments become severely disorganized, leaving large gaps in the muscle quadrants (arrow heads in D). Additionally, the distribution of perlecan becomes disorganized and patchy (H). Perlecan appears to form large aggregates (arrow) in the body cavity and some perlecan appears to still be associated with the body wall muscle cells that have separated from the hypodermis.
absence of type IV collagen prior to body-wall muscle contraction (Figs. 5H and 5I) . Also, the myofilaments in let-268 and the type IV collagen mutants assemble normally prior to contraction (Figs. 5E and 5F ). This is evidence that perlecan is functioning normally in the absence of type IV collagen since it has been shown in C. elegans that perlecan is essential for the assembly of the myofilaments in the body wall muscle cells (Rogalski et al., 1993) . To investigate the localization of type IV collagen in the absence of perlecan, null mutations in the locus encoding perlecan, unc-52, were stained with type IV collagen antisera. Type IV collagen was evenly distributed in the basement membranes underlying the body wall muscle, the pharynx, and the intestine (Figs. 7A and 7B) in both wild-type and unc-52 null mutant embryos. Therefore, the localization of type IV collagen was not affected by the lack of perlecan, indicating that perlecan is not necessary for type IV collagen localization and assembly. These data are consistent with reports that have demonstrated that type IV collagen is capable of forming a macromolecular network without the presence of any other basement membrane molecules (reviewed in Timpl and Brown, 1996) and that the formation of the basement membrane occurs normally in perlecan null mice (Costell et al., 1999) .
DISCUSSION
let-268 Encodes a Lysyl Hydroxylase in C. elegans Essential for Type IV Collagen Secretion
Lysyl hydroxylase functions as a homodimer that acts in the ER to convert certain lysine residues found in the G-X-Y repeats to hydroxylysine in collagen and collagen-like domains found in other proteins (Kivirikko and Pihlajaniemi, 1998) . Specifically, lysines found in the Y position of the G-X-Y repeat are possible substrates for lysyl hydroxylase. These hydroxylysine residues are further processed by the addition of a mono-or disaccharide. These posttranslational modifications are essential for the stabilization of intermolecular crosslinks between collagens in the extracellular matrix (Kivirikko and Pihlajaniemi, 1998) . The human disease Ehlers Danlos syndrome type VI is generally caused by a deficiency in lysyl hydroxylase activity (Prockop and Kivirikko, 1995) . The disease manifests as hyperextensible skin and joints, scoliosis, and ocular fragility. Three lysyl hydroxylase genes have been identified in humans, and in most Ehlers Danlos syndrome type VI patients one of these genes, lysyl hydroxylase 1, is deficient. let-268 encodes the only lysyl hydroxylase ortholog found in the C. elegans genome (C. elegans Sequencing Consortium, 1998) and its function is necessary for the completion of embryogenesis.
The results presented here indicate that the C. elegans lysyl hydroxylase acts on type IV collagen in the body wall muscle cells and in the GLR cells. In let-268 mutants, both type IV collagen chains, ␣1 and ␣2, accumulate in a perinuclear pattern within the cells expressing type IV collagen, indicating that the collagen is retained in the cell and is not secreted into the basement membrane (Fig. 4) . Previous studies using the iron chelator ␣,␣Ј-dipyridyl, which inhibits prolyl 4-hydroxylase and lysyl hydroxylase, have shown that collagen remains within the ER and is not secreted in cultured cells (Harwood et al., 1976; Bonfanti et al., 1998) . The failure of collagen to be secreted has been attributed to the inhibition of prolyl 4-hydroxylase. Hydroxyproline is thought to be essential for stable triple helix formation within the collagen trimer (Brodsky and Ramshaw, 1997 ). Here we demonstrate that the lack of lysyl hydroxylase alone induces an effect similar to that which ␣,␣Ј-dipyridyl has on cultured cells. let-268 mutants result in the accumulation of type IV collagen in a perinuclear pattern, resulting in the failure of type IV collagen secretion. Therefore, our data indicate that hydroxylation of the lysine residues alone, not just the proline residues, is important for proper modification, folding, and secretion of type IV collagen in vivo.
Some controversy exists on whether hydroxylation is as important for the secretion of type IV collagen as it is for other types of collagen, such as type I collagen. In this study, we show that in the absence of LET-268 function, which presumably results in the complete lack of hydroxylysine, type IV collagen is not secreted into the basement membrane. These results are consistent with previous studies that investigated type IV collagen secretion in the presence of ␣,␣Ј dipyridyl or in the absence of ascorbate, a cofactor required for both prolyl 4-hydroxylase and lysyl hydroxylase activity (Karakashian and Kefalides, 1982; Kim and Peterkofsky, 1997) . However, other studies have indicated that type IV collagen is secreted in the presence of ␣,␣Ј dipyridyl or in the absence of ascorbate (Engvall et al., FIG. 7 . Localization of type IV collagen in wild-type and unc-52(null) mutant embryos. Wild-type and unc-52(null) mutant embryos were stained with antisera to type IV collagen (NW 68). In the wild-type embryo, type IV collagen is distributed in the basement membrane surrounding the pharynx (arrowhead) and the intestine, and the basement membrane separating the body wall muscle cells from the hypodermis (arrowhead). In the unc-52(null) mutant, type IV collagen staining appears normal. Type IV collagen is distributed in the basement membrane surrounding the pharynx (arrowhead) and the intestine, and in the basement membrane separating the body wall muscle cells from the hypodermis.
1982; Hogan and Cooper, 1982) . These studies report that the secreted type IV collagen is underhydroxylated, but not completely lacking hydroxylation. This indicates that lysyl hydroxylase and prolyl 4-hydroxylase are at least partially active. Therefore, it is possible that enough hydroxylation has occurred to allow for the secretion of type IV collagen. Our observations on the let-268 hypomorphs may be analogous to this situation. Additionally, these in vitro experiments may not accurately reflect the in vivo requirement of type IV collagen hydroxylation.
Not surprisingly, expression of a let-268::GFP fusion protein in the body wall muscle cells and the GLR cells indicates that LET-268 function is required within the cells producing type IV collagen. Since it has been shown in mammalian cells that lysyl hydroxylase functions in the ER (Kellokumpu et al., 1994) and our GFP expression pattern indicates a perinuclear localization of let-268::GFP, it is most likely that the C. elegans lysyl hydroxylase acts in the ER. This subcellular localization of let-268::GFP is identical to the subcellular localization of type IV collagen that is retained within the type IV collagen-producing cells in let-268 (ra414) mutants. Therefore, it is probable that type IV collagen is not undergoing proper modification in the ER, causing it to accumulate possibly by "quality control mechanisms." Also, it is possible that lysyl hydroxylase may function in "quality control" since prolyl 4-hydroxylase has recently been implicated in the ER retention of improperly processed collagen molecules. Prolyl 4-hydroxylase remains associated with incorrectly folded collagen molecules within the ER and only when the molecules are correctly processed and folded are they released by prolyl 4-hydroxylase and allowed to continue through the secretory system (Walmsley et al., 1999) . Therefore, it is possible that lysyl hydroxylase may have a similar function in the ER. Furthermore, the C. elegans genome does not reveal the presence of a gene encoding the collagen-specific chaperone Hsp47 (Nagata, 1996) , suggesting that prolyl 4-hydroxylase and lysyl hydroxylase may function as collagen-specific chaperones in C. elegans (C. elegans Sequencing Consortium, 1998) .
let-268(ra414) mutants and type IV collagen temperaturesensitive mutants raised at the restrictive temperature all failed to secrete type IV collagen into the basement membrane. However, the subcellular accumulation of type IV collagen differed between let-268 mutants and the type IV collagen mutants. Type IV collagen accumulated in a perinuclear pattern in let-268 mutants, whereas type IV collagen localized in subcellular compartments (perhaps the Golgi apparatus or vesicles) more distant from the nucleus in the emb-9 and let-2 mutants. The mutations present in the type IV collagen mutants examined alter a glycine in the G-X-Y repeat, which is predicted to affect heterotrimer assembly before secretion (Engel and Prockop, 1991; Guo et al., 1991; Sibley et al., 1994) . This distinction in intracellular accumulation of type IV collagen suggests that quality control mechanisms at different points of the secretory pathway are functioning to ensure that only properly modified and folded type IV collagen is secreted into the basement membrane. Interestingly, one class of type IV collagen mutants, emb-9(st540) and emb-9(st545) (William and Waterston, 1994) , have a staining pattern similar to that of let-268 mutants (see Gupta et al., 1997) , indicating that the mutation present in these alleles may affect the processing of type IV collagen within the ER. The nucleotide alterations for these alleles were not identified even after the sequencing of the entire emb-9 genomic region . The identification of the molecular lesion in these mutants should provide insight on the intracellular processing of type IV collagen.
Besides the type IV collagens, C. elegans has an estimated 150 genes encoding cuticular collagens (Cox et al., 1981; C. elegans Sequencing Consortium, 1998; Johnstone, 2000) . The cuticle is produced and secreted by the hypodermis. However, our let-268::GFP reporter did not indicate any hypodermal expression. Previous reports have indicated that at most developmental stages the cuticle is devoid of hydroxylysine residues, whereas hydroxyproline is detected in substantial quantities (Cox et al., 1981) . The exception is the dauer larvae cuticle where a small quantity of hydroxylysine is detected (Cox et al., 1981) . The dauer larvae is an alternative larval stage that arises due to environmental stress, e.g., when food is in low quantities (Riddle, 1988) . The cuticle of the dauer larvae is especially thick and is partly composed of dauer-specific collagens (Cox et al., 1981) . An analysis of animals in the dauer stage failed to indicate any let-268::GFP expression in the hypodermis of dauer larvae. Our reporter construct contains only 2 kb of the upstream region of the let-268 ORF and does not contain the entire genomic region of the let-268 ORF. Therefore, it is possible that our let-268::GFP reporter construct lacks important elements required for hypodermal expression or sufficient signal to be detected. In support of this possibility, GFP expression was not observed in the distal tip cells, the spermatheca, or the vulva muscles, where type IV collagen expression has been reported .
Three mutations in the C. elegans lysyl hydroxylase gene have been identified. Of these three mutations, one behaves as a null mutation and the other two as hypomorphs. The let-268(ra414) mutation alters an absolutely conserved splice donor site and most likely results in a truncated lysyl hydroxylase missing a large part of the catalytically important COOH terminus (Pirskanen et al., 1996) . Homozygous let-268(ra414) animals behave as genetic nulls and little or no type IV collagen is secreted from the body wall muscle cells or from the GLR cells. The other alleles of let-268, mn189 and mn198, are both missense mutations and they behave as hypomorphic alleles. The effect the hypomorphic mutations have on the processing of type IV collagen and embryonic development is less severe than that of let-268(ra414) . A small amount of type IV collagen is secreted into the basement membrane of the hypomorphic mutant animals and this presumably allows them to live to early larval stages, whereas let-268(ra414) mutants arrest before hatching. This conclusion is supported by our immunofluorescence analysis of the hypomorphs, where defects in the myofilament lattice and perlecan organization are detected just prior to hatching (Fig. 6) . By contrast, in let-268(ra414) mutants these defects occur earlier in development. This suggests that the mn189 and the mn198 mutations in the C. elegans lysyl hydroxylase gene mildly affect the enzyme's function, and therefore some type IV collagen is processed correctly and is secreted into the basement membrane. However, the amount of type IV collagen secreted into the basement membrane in the hypomorphs is not sufficient for larval development and they arrest during early larval development. A large increase in muscle cell growth occurs during the larval stages, and after hatching the movement of the larvae increases as they forage for food, so perhaps the low amount of type IV collagen in the basement membranes of the hypomorphs is unable to provide enough structural support at these early larval stages, resulting in larval lethality.
In addition to encoding one lysyl hydroxylase, the C. elegans genome has two genes encoding prolyl 4-hydroxylase, dpy-18 and phy-2 (Friedman et al., 2000; Hill et al., 2000; Winter and Page, 2000) . dpy-18 mutants have an abnormal body morphology (Brenner, 1974 ) that is strikingly similar to that of cuticular collagen mutants (Kramer, 1997) . Expression of this gene is localized to the hypodermal cells, which are the cells that secrete the cuticle, suggesting that dpy-18 is involved in cuticular collagen production (Hill et al., 2000; Winter and Page, 2000) . Inactivation of the other prolyl 4-hydroxylase (phy-2), either by a null mutation or RNAi, displays no observable phenotype (Friedman et al., 2000; Winter and Page, 2000) . Similar to dpy-18, phy-2 is highly expressed in the hypodermis, but it also expressed in some body wall and vulval muscles (Winter and Page, 2000) . Interestingly, when both prolyl 4-hydroxylases are inactivated, the animals arrest during embryogenesis (Friedman et al., 2000; Winter and Page, 2000) . Friedman and others (2000) constructed double mutants that genetically removed both prolyl 4-hydroxylases and found that these animals, as expected, resemble the terminal phenotype of the type IV collagen mutants and have additional cuticle defects. Winter and Page (2000) used RNAi to remove phy-2 function from the dpy-18 mutant background, dpy-18(null); phy-2(RNAi), and video-recorded the development of these animals. Through this careful analysis, the authors unexpectedly found that the dpy-18(null); phy-2(RNAi)-arrested embryos reveal a terminal phenotype very similar to that of sqt-3 mutants (Winter and Page, 2000) . sqt-3 encodes a cuticular collagen that is important for maintaining the morphology of the embryo (Priess and Hirsh, 1986; van der Keyl et al., 1994) . In both sqt-3 and the dpy-18(null); phy-2(RNAi) animals, the embryos undergo organogenesis and elongation normally. However, a defect is noticed after cuticle synthesis; the fully elongated embryos begin to retract to a less elongated form (twofold), indicating that the cuticle cannot maintain the morphology of the embryo (Winter and Page, 2000) .
Unlike the results from the Friedman et al. (2000) study, these results unexpectedly suggest that prolyl 4-hydroxylase is mainly involved in cuticle collagen production and not type IV collagen production. This important issue could be clarified, either by time lapse video recording or type IV collagen antibody staining of the dpy-18(null); phy-2(null) double mutants. Nevertheless, our results indicate that lysyl hydroxylase function is required for the proper secretion of type IV collagen.
Distinct Functional Roles for Perlecan and Type IV Collagen in Myofilament Assembly and Muscle Contraction in C. elegans
The basement membrane underlying the body wall muscle is important for transmitting the forces of muscle contraction to the cuticle to allow the animal to move (Waterston, 1988) . Also, the basement membrane has been shown to be critical for the assembly of the myofilaments within the body wall muscle. For example, in the absence of the basement membrane protein perlecan, myofilament assembly does not occur (Rogalski et al., 1993) . Although type IV collagen is a major component of the basement membrane and has been implicated in muscle development Gupta et al., 1997) , its role in this process has remained elusive. This present study has demonstrated that in the absence of type IV collagen the myofilaments assemble normally (Fig. 5) . However, once contraction starts the body wall muscle cells separate from the hypodermis, and the myofilaments become disorganized (Fig. 6) . Consistent with observations that demonstrated the importance of perlecan for myofilament assembly (Rogalski et al., 1993) , perlecan localization in type IV collagen mutants or let-268 mutants is normal prior to body wall muscle contraction (Fig. 5) . After muscle contraction initiates, perlecan distribution becomes disorganized and remains associated with the body wall muscle cells that have separated from the hypodermis (Fig. 6 ). This suggests that prior to contraction, perlecan deposition into the basement membrane and the assembly of the myofilament lattice are normal. However, once muscle contraction commences, the weakened basement membrane lacking type IV collagen cannot withstand the forces of muscle contraction and the body wall muscle cells pull away from the hypodermis. In summary, the basement membrane has two distinct roles in the development of the body wall muscle in C. elegans. In an initial phase, the basement membrane protein, perlecan, is required for the proper assembly of the myofilaments. In the second phase, type IV collagen is required to stabilize the basement membrane and anchor the body wall muscle and basement membrane to the underlying hypodermis.
The basement membrane is a highly complex tissue composed of several multivalent proteins that have the potential to interact with multiple proteins to form a dynamic network structure (Timpl and Brown, 1996) . In vitro, type IV collagen and laminin are capable of forming matrices independent of one another (Yurchenco and Furthmayr, 1984; Yurchenco et al., 1992) . However, the function of these protein interactions in vivo is not well understood. For example, it is not known if type IV collagen is required for the incorporation of other components into the basement membrane or if type IV collagen requires other basement membrane molecules to become incorporated into the basement membrane in vivo. While type IV collagen has been reported to interact with perlecan in vitro (Laurie et al., 1986; reviewed in Timpl and Brown, 1996) , it is not known if they require one another for proper localization in vivo. In this study we have shown that perlecan functions normally in the absence of type IV collagen in the basement membrane (Fig. 5) . In addition, type IV collagen appears to localize normally in the absence of perlecan (Fig.  7) , which suggests that perlecan is not required in the basement membrane for type IV collagen localization. This is consistent with prior reports that have shown that type IV collagen is capable of self-assembly in vitro (Timpl and Brown, 1996) and a recent report that illustrates the normal formation of the basement membrane in homozygous mice with a null mutation in the perlecan gene (Costell et al., 1999) . Our in vivo results indicate that type IV collagen and perlecan are positioned and organized independently.
This study demonstrates that let-268 encodes the C. elegans lysyl hydroxylase and that this enzyme is essential for type IV collagen processing and secretion. In addition, we have shown that type IV collagen is a critical component required for the stability of the basement membrane and for the transmission of the contractile force of body wall muscle to the cuticle. However, type IV collagen is not required for the organogenesis of the body wall muscle. This is the first report of mutations within a lysyl hydroxylase gene in a model organism. C. elegans may provide an excellent in vivo system for further analysis of lysyl hydroxylase in a developmental biological context.
